1. Introduction {#sec0005}
===============

To meet the needs of a growing population and ensure food security, large quantities of N are applied to farmland to achieve high yields ([@bib0230]; [@bib0005]). Excessive fertilization, however, results in N losses and environment pollution ([@bib0055]). Maximizing crops yields while minimizing negative environmental impacts is one of the major current challenges in agriculture ([@bib0125]; [@bib0230]).

Plastic film mulching was introduced in China in 1978, originally only for vegetables but now is widely used for maize, wheat, potato and other staple crops ([@bib0045]). Plastic film mulching increases crop yield, especially in arid and semi-arid areas, due to higher soil temperature, less water losses and consequently higher soil moisture, and higher nutrient availability ([@bib0205]; [@bib0030]; [@bib0035]; [@bib0135]). Plastic film mulching increases soil temperature due to the \"greenhouse effect\", which plays an important role in the early growth stage of crops ([@bib0060]). Soil moisture under mulching is increased by collecting light rain, strongly reducing evaporation, and promoting rainfall infiltration (Wang et al., 2009; [@bib0235]. These soil conditions may influence the fate of applied N fertilizers through enhancing plant N uptake and N use efficiency and reducing the risk of nitrate leaching (Ruidisch et al., 2013; [@bib0250]). However, there is still no a clear concepts and experiments how plastic mulching affects the fate of N fertilizer in soils.

Plastic film mulching increases crop yield, plant N uptake ([@bib0130]a) and N use efficiency and decreases N losses ([@bib0135]) including yield-scaled N~2~O emission ([@bib0130]a). Higher grain yields and N recovery, and lower N losses from a plastic mulched maize cropping system were obtained in a semiarid region with two split N applications ([@bib0210]). N mineralization increased under plastic film mulching, but nitrate leaching also increased if mulching was in place for the whole growing season ([@bib0240]. Management of the mulch duration is therefore necessary to achieve a balance between N mineralization and leaching ([@bib0240]). Combined with effective N management practices, plastic film mulching has the potential to improve sustainability and confer economic and environmental benefits ([@bib0175]; [@bib0215]).

Several plastic film mulching systems have become popular in recent years. Among them, the ridge-furrow system with plastic film mulched ridges (Plastic) has been one of the most effective cultivations to increase water use efficiency, soil temperature and yields for rain-fed croplands in Northwestern China, especially in the region with 400--600 mm of precipitation ([@bib0060]). This Plastic system contains plastic film covered ridges and uncovered furrows ([Fig. 2](#fig0010){ref-type="fig"}). The uneven soil water and heat conditions caused by plastic film mulching and the soil microtopography caused by ridges and furrows may be different from other plastic film mulching systems. The soil water and temperature differ between ridges and furrows ([@bib0085]). The Plastic system enhances rainwater harvest in the furrow and increases rainwater infiltration (Wang et al., 2009), which may increase N leaching and reduce N uptake from furrow. The plastic film covering the ridge may decrease N leaching and increase the plant N uptake from the ridge. The differences in soil water and temperature conditions between ridges and furrows cause lateral movement of water ([@bib0085]; [@bib0185]), which may lead to lateral N transport and redistribution of residual soil N. Consequently, the non-uniform distribution of water may affect the utilization and redistribution of fertilizer N. With such heterogeneity, the furrows and ridges should be treated as two management units ([@bib0095]) and N fertilization should be site specific. [@bib0095] showed that, under a monsoon climate, nitrate leaching mainly occurred through the furrows in the Plastic system.

We hypothesize that plant N uptake and N losses will differ between the furrows and ridges in the Plastic system, and will have various advantages compared to the soil without plastic mulching. There are very few published data focused on this comparison and, in particular, no studies have simultaneously measured both lateral and vertical N transport. Therefore, we investigated the fate of fertilizer N for maize production in a semi-arid area using a ^15^N tracer technique in the Plastic system, compared with a flat system without mulching (Open), to examine (1) plant N uptake and N losses; (2) vertical and lateral redistribution of residual N in soil; (3) differences in the fate of applied N for ridges and furrows.

2. Materials and methods {#sec0010}
========================

2.1. Study site {#sec0015}
---------------

The study site was located on the Loess Plateau at the Changwu Agricultural and Experimental Station of the Chinese Academy of Sciences (latitude 35˚12′N, longitude 107˚40′E, elevation 1200 m asl) and has a semi-arid climate. Mean annual air temperature is 9.1 ℃; the average annual precipitation is 580 mm and more than 60% of total precipitation falls in July, August, and September ([Fig. 1](#fig0005){ref-type="fig"}). The average potential evaporation is 1560 mm. The depth of groundwater is 50--80 m. The frost-free season lasts 171 days. The soil at the experimental site has a silt loamy texture according to the USDA texture classification system. The physico-chemical soil properties in the top 20 cm are given in [Table 1](#tbl0005){ref-type="table"}.Fig. 1Monthly mean precipitation and average temperature (10 years average from 2005 to 2014 and year 2015 only).Fig. 1Fig. 2Top and side views of ^15^N labeled Plastic-Ridge, Plastic-Furrow, and Open in micro-plots (Open: the flat system without mulching; Plastic: the ridge-furrow system with plastic film mulched ridges; Plastic-Ridge: the ^15^N-labeled fertilizer in Plastic was applied to the ridges only; and Plastic-Furrow: the ^15^N-labeled fertilizer in Plastic was applied to the furrows only).Fig. 2Table 1Physico-chemical properties of the soil.Table 1Soil depth (cm)pHBulk density (g cm^−3^)Total N (g kg^−1^)Organic C (g kg^−1^)Total P (g kg^−1^)Total K (g kg^−1^)Mineral N (mg kg^−1^)0--208.4 ± 0.21.17 ± 0.101.02 ± 0.147.8 ± 1.90.97 ± 0.2711.50 ± 1.2428.3 ± 2.35

2.2. Experimental design {#sec0020}
------------------------

Two cropping systems were included ([Fig. 2](#fig0010){ref-type="fig"}): (1) a flat system without mulching (Open); (2) a ridge-furrow system with plastic film mulched ridge (Plastic). Each cropping system was replicated four times in a randomized block arrangement and each plot was 45 m^2^ (4.5 × 10 m). The urea application rates were the same in all plots: 260 kg N ha^−1^ (local N application rate), 40 kg P ha^−1^, and 75 kg K ha^−1^. All fertilizers were spread over the plots and mixed with the 0--15 cm surface soil by rake as a basal dressing, as is the current farming practice. Ridges and furrows were made after fertilizer application in Plastic. The Plastic comprised alternative furrows (30 cm wide) and ridges (15 cm high × 70 cm wide), and the ridges were covered with plastic film (0.008 mm thick and 90 cm wide). Maize was planted on each shoulder of the ridge with a spacing of 30 cm along the ridge, 40 cm across the ridge and 60 cm across the furrow ([@bib0085]). The Open also had identical wide (60 cm) and narrow (40 cm) row spacing ([@bib0085]). A high-yielding maize hybrid (Pioneer 335) was hand planted at a density of 66,667 plants ha^−1^ on 30 April 2015 and harvested on 27 September 2015. The precipitation in this period was 346 mm ([Fig. 1](#fig0005){ref-type="fig"}), and no irrigation was used. After maize harvest, the aboveground biomass was removed and the plastic film mulching was left in the Plastic until the next crop sowing.

To study the fate of the applied fertilizer N, micro-plots (1 × 1 m, 1 m^2^, covering a complete ridge and furrow, including 6 plants, [Fig. 2](#fig0010){ref-type="fig"}) were established in the center of the plots. The top soil (0--15 cm) was removed from the micro-plot, passed through a 2 mm sieve and mixed with ^15^N-labeled urea (10.0 atom% ^15^N, provided by Shanghai Research Institute of Chemical Industry) and the P and K fertilizers, then the soil and fertilizers were returned to the micro-plot. In Plastic, the ^15^N-labeled fertilizer was applied in two positions in the separated micro-plots: 1) applied to the ridge only (Plastic-Ridge) and 2) applied to the furrow only (Plastic-Furrow). The fertilizer application rate for ridges and furrows in the micro-plots was the same as for the large plots, with the ridge: furrow ratio of 7:3 (based on pre-experiment in 2014: measurements of total N for ridge and furrow in the Plastic before and three weeks after N fertilizer applied in this study plot and on local famers\' fields in 2014). In Open, the ^15^N-labeled fertilizer was applied evenly across the whole surface layer of the micro-plot. All micro-plots were enclosed by an aluminum sheet inserted into the soil to a depth of 2 cm and exposed 3 cm above the surface to prevent surface runoff.

2.3. Soil and plant sampling and analysis {#sec0025}
-----------------------------------------

At harvest in 2015, six ^15^N-labeled plants in each micro-plot were harvested and separated into grain, leaf, stem, cob core and bract. Part of roots during harvest was decomposed due to a rainfall, thus the main root part was grouped into stem and the decomposed part was remained in soil. Dry weight was determined by drying at 105 ℃ for 30 min and then at 70 ℃ to constant weight. Soil samples were collected from three points per plot from 0 to 200 cm in 20 cm layers and also from the ridge (+15-0 cm soil layer). Soil samples were taken at the same depths in the micro-plots ([Fig. 2](#fig0010){ref-type="fig"}). Three points in the ^15^N-labeled ridge were taken and mixed into one sample for each depth, and the same for the ^15^N-labeled furrow. To assess lateral movement of N, two points located at 10 cm and a further two points at 20 cm laterally from the labeled ridge in the unlabeled furrow in Plastic-Ridge were also taken; and similarly for Plastic-Furrow. The duplicate samples (at 10 cm or 20 cm from labeled ridge/furrow) were combined as a single sample for each depth ([Fig. 2](#fig0010){ref-type="fig"}).

The content of NO~3~^−^ and NH~4~^+^ in fresh soil were extracted by 2 M KCl and determined using a Continuous Flow Analyzer (AA3, Seal, Germany). Mineral N was calculated as the sum of NO~3~^−^ and NH~4~^+^. The content of microbial biomass N in soil was measured by the chloroform fumigation-extraction method [@bib0025]. Soil water content was measured gravimetrically. Air-dried soil samples were ground and passed through a 1.5 mm sieve for analysis for total N. Total N content in plant and soil samples was analyzed using the Kjeldahl method ([@bib0015]).

The ^15^N abundance in soil and plant samples was determined by isotope ratio mass spectrometer (IRMS) at UC Davis Stable Isotope Facility, University of California. The ammonium diffusion method ([@bib0020]) followed by IRMS was used to determine the mineral ^15^N abundance. The chloroform fumigation-extraction method combined with ammonium diffusion method was used to determine microbial biomass ^15^N (MBN). The natural abundance of ^15^N in soil and plant samples was also measured.

2.4. Calculation and statistical analyses {#sec0030}
-----------------------------------------

Plant total N uptake (N~pu~, kg ha^−1^), plant N derived from ^15^N-labeled fertilizer (N~dff~, kg ha^−1^), plant N derived from soil (N~dfs~, kg ha^−1^), fertilizer N recovery (N~rec~, %), soil residual N (N~resid~, kg ha^−1^) and N fertilizer lost to the environment (N~loss~, kg ha^−1^) were calculated according to Eqs. [(1)](#eq0005){ref-type="disp-formula"} to [(6)](#eq0030){ref-type="disp-formula"} below, respectively.$$N_{pu} = {DM}_{p} \times N_{p}$$where DM~p~ is plant dry matter yield (kg ha^−1^) and N~p~ is plant N content (kg kg^−1^) dry matter;$$N_{dff} = N_{pu} \times {{\,^{15}N_{\,}\%}_{p}/{\,^{15}N_{\,}\%_{f}}}$$where ^15^N%~p~ and ^15^N%~f~ are the atom% ^15^N excess in the plant and soil, respectively;$$N_{dfs} = N_{pu} - N_{dff}$$$$N_{rec} = \left( {N_{pu}/N_{rate}} \right) \times 100$$where N~rate~ is the fertilizer N application rate (kg ha^−1^);$$N_{resid} = {\,^{15}N_{\,}}_{soil} \times {soil}_{bd} \times d \times 10,000$$where ^15^N~soil~ is the soil ^15^N content (g kg^−1^ dry soil), soil~bd~ is the soil bulk density (g cm^-3^) and d the depth of soil sampled (m);$$N_{loss} = N_{rate} - N_{pu} - N_{resid}$$

Cost-benefit analysis included assessment of the total costs, income from grain sales and net economic benefit (NEB). The total costs included the cost of field operations (labor cost associated with fertilizer/pesticide applications and mechanical operations), fertilizer/pesticide/seed, and plastic film (<http://www.npcs.gov.cn/> and <http://china.guidechem.com/>). Income refers to income from grain yield. The NEB was calculated by subtracting the input cost from the yield income ([@bib0140]).

The paired sample *t*-test was used and least significant differences (*p* \< 0.05) were calculated to test for significance of differences in grain yield, dry matter biomass, N~pu~, N~dff~, and N~dfs~ between Open and Plastic. The differences between treatments (Plastic-ridge, Plastic-furrow, and Open) were tested with one-way analysis of variance (ANOVA) and following Tukey-test (*p* \< 0.05). The differences between depths we tested with one sample *t*-test. Homogeneity of variances was tested by Levene's test, normal distribution of residues was tested by Shapiro test. All the data analyses were performed using SPSS 22. Graphs were produced with Origin 9.1.

3. Results {#sec0035}
==========

3.1. Plant biomass, N uptake, and 15N distribution in maize {#sec0040}
-----------------------------------------------------------

The grain yield was 9.7% higher in Plastic than that in Open (*p* \< 0.05), but stem, cob cores, bract and total aboveground biomass were similar ([Table 2](#tbl0010){ref-type="table"}). Plastic increased total N uptake by 13.6% (*p* \< 0.05), compared with Open, especially in the grain and stems. The plant N uptake derived from the soil (N~dfs~) was similar for the two systems (*p* \> 0.05), accounting for 71.3% and 80.6% of plant N uptake for Plastic and Open, respectively. In contrast, the plant N uptake derived from urea-fertilizer (N~dff~) was 71.1% higher for Plastic than for Open (*p* \< 0.05, [Table 2](#tbl0010){ref-type="table"}).Table 2Effect of plastic film mulching on maize plant biomass, total N uptake, N uptake derived from soil (Ndfs), and N uptake derived from ^15^N-labeled fertilizer (Ndff) in plant parts. Superscript letters within a column indicate a significant differences (*p* \< 0.05) between Plastic and Open (Plastic: the ridge-furrow system with plastic film mulched ridge; Open: the flat system without mulching).Table 2Plant partsCropping systemsDry matter\
(Mg ha^−1^)Total N uptake\
(kg N ha^−1^)N~dfs~\
(kg N ha^−1^)N~dff~\
(kg N ha^−1^)GrainPlastic14.2 ± 0.2^a^201 ± 5^a^143 ± 4^a^58.4 ± 1.6^a^Open12.9 ± 0.4^b^174 ± 3^b^144 ± 3^a^30.0 ± 0.5^b^LeafPlastic3.5 ± 0.7^a^51.9 ± 5.6^a^37.1 ± 4.0^a^14.8 ± 1.6^a^Open3.5 ± 0.2^a^52.9 ± 1.1^a^39.9 ± 0.8^a^13.0 ± 0.3^a^StemPlastic8.3 ± 1.1^a^24.3 ± 4.5^a^18.8 ± 3.5^a^5.5 ± 1.0^a^Open7.1 ± 0.4^a^12.4 ± 0.3^b^9.3 ± 0.2^b^3.1 ± 0.1^b^Cob corePlastic1.9 ± 0.0^a^10.9 ± 3.4^a^6.5 ± 2.0^a^4.4 ± 1.4^a^Open1.9 ± 0.0^a^7.4 ± 1.2^b^5.6 ± 0.9^b^1.8 ± 0.3^a^BractPlastic3.1 ± 1.4^a^8.5 ± 0.9^a^6.3 ± 0.7^a^2.2 ± 0.2^a^Open2.9 ± 0.1^a^9.4 ± 0.5^a^7.5 ± 0.4^a^1.9 ± 0.1^a^Aboveground\
plant partsPlastic31.0 ± 3.5^a^297 ± 20^a^211 ± 14^a^85.2 ± 5.7^a^Open28.3 ± 1.1^a^256 ± 6^b^207 ± 5^a^49.8 ± 1.2^b^

The ^15^N content and ^15^N uptake in various aboveground plant parts showed the same trends: Ridge \> Open \> Furrow, although not always significantly different ([Fig. 3](#fig0015){ref-type="fig"}). Among the plant parts, ^15^N content was the highest in grains and leaves in Plastic, while the highest was in leaves in Open. ([Fig. 3](#fig0015){ref-type="fig"}). The proportion of ^15^N uptake from the ridge was much higher than that from the furrow. The ^15^N uptake in grain was the highest among all plant parts, accounting for 68.5 and 60.2% of the total plant ^15^N uptake in Plastic and Open, respectively. This was followed by uptake in leaves, accounting for 17.4 and 26.1%, respectively, and the uptake of ^15^N in the other plant parts was only 14.1 and 13.7%, respectively ([Fig. 3](#fig0015){ref-type="fig"}, [Table 2](#tbl0010){ref-type="table"}).Fig. 3Effects of plastic film mulching on distribution of a) ^15^N content and b) ^15^N uptake among maize plant parts at harvest in 2015 (Open: the flat system without mulching; Plastic: the ridge-furrow system with plastic film mulched ridge; Plastic-Ridge: the ^15^N-labeled fertilizer in Plastic was applied to the ridge only; and Plastic-Furrow: the ^15^N-labeled fertilizer in Plastic was applied to the furrow only).Fig. 3

3.2. Redistribution of residual ^15^N in soil {#sec0045}
---------------------------------------------

### 3.2.1. Vertical distribution of residual ^15^N in soil {#sec0050}

The mineral-^15^N (the sum of NH~4~^+^-^15^N and NO~3~^−^-^15^N) accounted for 19.0--87.3% of total residual ^15^N in the soil layers for Plastic-Ridge at harvest in 2015, with an average of 48.2%. Respective values were 7.5--26.1% (average 15.1%) and 8.3--52.6% (average 29.6%) for Plastic-Furrow and Open, respectively. The NH~4~^+^-^15^N content was lower than NO~3~^−^-^15^N in all soil layers. The soil mineral ^15^N was higher in Plastic than that in Open (*p* \< 0.05). Microbial biomass ^15^N was low, accounting for 0.3--12.4% of the total residual ^15^N in Plastic-Ridge, and 0.3--19.6% and 1.2--11.1% in Plastic-Furrow and Open, respectively. The larger ^15^N incorporation in microbial biomass occurred at soil depths of +15-0 cm, 0--20 cm, and 0--40 cm in Plastic-Ridge, Plastic-Furrow and Open, respectively ([Fig. 4](#fig0020){ref-type="fig"}a--c). The microbial biomass ^15^N was larger in Open than in Plastic (*p* \< 0.05).Fig. 4Distribution of residual mineral ^15^N (NH~4~^+^ and NO~3~^−^) and microbial biomass ^15^N (MBN) in the 0--200 cm soil layer in Plastic-Furrow, Plastic-Ridge and Open at harvest in September 2015 (a--c) and before sowing in March 2016 (d--f) (Open: the flat system without mulching; Plastic: the ridge-furrow system with plastic film mulched ridges; Plastic-Ridge: the ^15^N-labeled fertilizer in Plastic was applied to the ridges only; and Plastic-Furrow: the ^15^N-labeled fertilizer in Plastic was applied to the furrows only).Fig. 4

The depth distribution of residual NH~4~^+^-^15^N and NO~3~^−^-^15^N in the soil were similar in Plastic-Furrow, Plastic-Ridge and Open at harvest ([Fig. 4](#fig0020){ref-type="fig"}a-c). The residual ^15^N decreased gradually with depth. More than 90% of the mineral ^15^N in the 0--200 cm soil profile was distributed in the upper 20 cm soil layer in Plastic-Ridge, with very little below 40 cm. In Plastic-Furrow, the residual mineral ^15^N was mainly distributed in 0--60 cm soil layer. In Open, more of the residual mineral ^15^N was distributed in the deeper soil layers, with 84.9% in the upper 40 cm, and 12.1% in the 40--60 cm soil layer. The total soil mineral ^15^N was 10--100 times higher in Plastic-Ridge than in Open or Plastic-Furrow.

Compared with the 2015 harvest, the residual mineral ^15^N in the soil before sowing in 2016 had moved vertically from the surface to the deeper soil layers ([Fig. 4](#fig0020){ref-type="fig"}). In the Plastic-Furrow and Open, mineral-^15^N at 0--20 cm soil layer decreased by 50.5% and 32.3%, respectively. However, the mineral-^15^N in the top soil layers (+15-20 cm) in Plastic-Ridge was 58.9% higher than that at harvest in 2015 ([Fig. 4](#fig0020){ref-type="fig"}). Across the whole soil profile (0--200 cm), the residual mineral ^15^N decreased by 34.0% and 40.4% in Plastic-Furrow and Open, but increased by 59.6% in Plastic-Ridge between harvest in 2015 and sowing in 2016.

The distribution of total residual ^15^N in soil was similar to that of the mineral-^15^N, i.e. most of the ^15^N was located in the top 20 cm soil layer. At harvest in 2015, the total residual ^15^N in the upper 20 cm layer was 11.1, 77.4 and 51.3 kg ha^−1^ in the Plastic-Furrow, Plastic-Ridge and Open soil, respectively, accounting for 87.0, 96.6 and 73.5% of the total residual ^15^N in the 0--200 cm. Most of total ^15^N was in the ridge (+15-0 cm) for Plastic, while for Open it was mostly in the 0--60 cm soil layers ([Fig. 5](#fig0025){ref-type="fig"}).Fig. 5Vertical distributions of residual total ^15^N in 0--200 cm soil layer depending on cropping systems at harvest in 2015 (Open: the flat system without mulching; Plastic: the ridge-furrow system with plastic film mulched ridges; Plastic-Ridge: the ^15^N-labeled fertilizer in Plastic was applied to the ridges only; and Plastic-Furrow: the ^15^N-labeled fertilizer in Plastic was applied to the furrows only).Fig. 5

### 3.2.2. Lateral distribution of residual ^15^N in soil {#sec0055}

The residual ^15^N in Plastic-Furrow was not only observed in the ^15^N-labeled furrow, but also in the upper 40 cm soil layer in an unlabeled ridge at distances of 10 and 20 cm from the ^15^N-labeled furrow, with 4.3 and 7.0 kg ha^−1^ of the fertilizer ^15^N in the +15-0 and 0--20 cm soil layers in the ridge. Similarly, ^15^N from the fertilizer applied to the Plastic-Ridge was observed in the upper 40 cm soil layer in an unlabeled furrow at distances of 10 and 20 cm from the ^15^N-labled ridge, with most (4.2 kg ha^−1^) in the 0--20 cm soil layer ([Fig. 6](#fig0030){ref-type="fig"}, [Fig. 7](#fig0035){ref-type="fig"}). This clearly indicates that lateral movement of N between ridges and furrows. Total amounts of fertilizer ^15^N that moved from furrow to ridge (Furrow → Ridge) and from ridge to furrow (Ridge → Furrow) were 12.2 and 6.0 kg ha^−1^, respectively ([Fig. 7](#fig0035){ref-type="fig"}). The lateral movement of N was probably related to soil water movement due to the microtopography of ridges and furrows, uneven soil water and heat conditions under mulching and plant water uptake. However, mineral ^15^N only accounted for 16.0 and 8.6% of the total amount of ^15^N movement for Ridge → Furrow and Furrow → Ridge, respectively, indicating that after the lateral N movement, N was immobilized by microorganisms or clay minerals.Fig. 6The lateral distribution of residual mineral ^15^N in 0--200 cm in Plastic-Furrow and Plastic-Ridge at harvest in 2015 (Furrow → Ridge: ^15^N moved from furrow to ridge in Plastic-Furrow; Ridge → Furrow: ^15^N moved from ridges to furrows in Plastic-Ridge; Plastic-Ridge: the ^15^N-labeled fertilizer in Plastic was applied to the ridges only; and Plastic-Furrow: the ^15^N-labeled fertilizer in Plastic was applied to the furrows only).Fig. 6Fig. 7Lateral movement of total residual ^15^N in the 0--200 cm soil profile for Plastic-Furrow and Plastic-Ridge at the 2015 harvest (Furrow → Ridge: ^15^N moved from furrows to ridges in Plastic-Furrow; Ridge → Furrow: ^15^N moved from ridges to furrows in Plastic-Ridge).Fig. 7

3.3. Fate of ^15^N-urea in Plastic and Open systems {#sec0060}
---------------------------------------------------

Compared with Open, total ^15^N uptake in the aboveground maize biomass increased under the Plastic system, with an associated decrease in ^15^N losses ([Table 3](#tbl0015){ref-type="table"}). In Plastic, plant ^15^N uptake and residual ^15^N in the soil were 71.1 and 58.8% higher than that in Open. Plastic decreased the N loss by 54.5%, compared with Open. N leaching was very low, both in Plastic and Open. The recovery and potential losses in Plastic were 3.8 and 64.4%, respectively, for Plastic-Furrow, and 45.2 and 7.5% for Plastic-Ridge, respectively. The 96.5% of total plant ^15^N uptake derived from the ridge in Plastic, and only 3.5% from the furrow ([Fig. 8](#fig0040){ref-type="fig"}). Redistribution of residual soil ^15^N included the vertical and lateral distribution components in Plastic-Ridge and Plastic-Furrow. The Ridge → Furrow movement accounted for 7.0% of residual soil ^15^N in Plastic-Ridge, and Furrow → Ridge movement accounted for 49.2% of residual soil ^15^N in Plastic-Furrow.Table 3The fate of fertilizer ^15^N depending on the mulching system and initial fertilizer application locations.Table 3Cropping systemsN application rate (kg ha^−1^)Plant N uptake (kg ha^−1^)Recovery (%)Residual N in soil (kg ha^−1^)Residual (%)Potential N Loss\
(kg ha^−1^)Loss (%)N leaching[\*](#tblfn0005){ref-type="table-fn"}Potential gas emissions^\*^Plastic26085.232.8110.942.70.163.824.5Open26049.819.269.826.80.7139.654.0[^2]Fig. 8Distribution of fertilizer N (^15^N) in the 0--200 cm soil profile for the Plastic-Furrow and Plastic-Ridge components of the Plastic system at harvest in 2015 (all values are presented as kg N ha^−1^).Fig. 8

3.4. N balance and net economic benefits {#sec0065}
----------------------------------------

The total N input (including N from fertilizer application, non-symbiotic N fixation, deposition and seed) was the same (297 kg N ha^−1^ yr^−1^) for Plastic and Open, but the surplus N was different due to higher crop uptake and lower potential N loss in Plastic ([Table 4](#tbl0020){ref-type="table"}). The cost and economic benefit were also calculated. Although there were extra costs including the capital cost of the plastic film cost and the operational cost of forming the ridges and applying the plastic mulch in Plastic, the net economic benefit increased by 8.5%, compared with Open ([Table 5](#tbl0025){ref-type="table"}).Table 4The N balance (kg N ha^--1^ yr^--1^) in different cropping systems.Table 4PlasticOpenInputFertilizer N260260Non-symbiotic N fixation ^a^1515Deposition ^b^2121Seed11Total297297OutputCrop uptake297256Potential N loss ^c^64140Surplus−64−99[^3]Table 5The costs and economic benefits (\$ ha^--1^ yr^--1^) for maize production depending on management.Table 5PlasticOpenCosts Plastic film68-- Field operations7655 Fertilizer/pesticide/seed316316 Total cost460371Income Grain41353756Net economic benefit36753385

4. Discussion {#sec0070}
=============

4.1. Effects of plastic mulch on grain yields, biomass and N uptake {#sec0075}
-------------------------------------------------------------------

Although total aboveground biomass was similar for the Plastic and Open, the grain yield and grain N content were significantly greater for Plastic, by 9.7 and 5.1%, respectively ([Fig. 3](#fig0015){ref-type="fig"}, [Table 2](#tbl0010){ref-type="table"}), indicating the increase of N transfer to grain under the Plastic system. Increased grain yields under the Plastic system have been widely reported ([@bib0030]). The mechanisms of yield increases include: 1) higher water availability because of reduced evaporation during drought periods under plastic film mulching; 2) an increase in the soil temperature what is especially important in the early stage of the maize growing season, enhancing crop growth ([@bib0090]; [@bib0160]; [@bib0245]). [@bib0135] found that the grain yields and aboveground biomass under plastic film mulching were 70 and 53% higher than that without mulching, respectively. The lack of a difference in aboveground biomass and an increase of only 9.7% in grain yield in this study was most likely because of the wetter than usual conditions during the early stage of the maize growing season (the amount of rainfall during early stage of maize growing season in 2015, April to June, was 50 mm lager than the 30 year average, [Fig. 1](#fig0005){ref-type="fig"}). The early stage of maize growth season usually suffers drought and is crucial for maize production ([@bib0085]). The mechanism of plastic film mulching in yield increase was mostly because mulching changed the soil water and temperature condition during drought period at early stage of maize growing season ([@bib0085], [@bib0090]). Thus the better conditions for maize growth at early stage in 2015 mean that the benefit of plastic film mulching in yield increase was not as large as in other studies. The plastic film mulching increased the proportion of total plant ^15^N uptake in grain ([Fig. 3](#fig0015){ref-type="fig"}). A 15.7% higher total N uptake was observed in Plastic duo to higher N uptake in grain, compared with Open. Similar higher N uptake of 14--34% was reported in the southern part of the Loess Plateau ([@bib0220]), in Gwalior ([@bib0010]), and in southern Nigeria ([@bib0145]). In our study, 19.4--28.7% of plant N uptake was derived from the applied fertilizer in Plastic and Open ([Table 2](#tbl0010){ref-type="table"}). These results suggest that mineralization of soil organic matter is the main source of N uptake in maize, which is consistent with [@bib0210] and [@bib0165].

4.2. Effects of plastic mulch on the fate of urea-N {#sec0080}
---------------------------------------------------

The plastic film mulching affected the fate of the applied N fertilizer: decreased N losses and increased the plant N uptake and residual soil N compared to Open ([Table 3](#tbl0015){ref-type="table"}). This may be explained by lower ammonia volatilization under plastic film mulching and therefore, more fertilizer N remaining in the soil available for plant uptake ([@bib0135]; [@bib0210]). Additionally, the immobilization of urea-^15^N by microorganisms may occur at an early stage in the maize growing season due to the increased microbial activity under the mulched soil. Subsequent slow mineralization of the microbially-immobilized organic N throughout the growing season may lead to enhanced uptake and utilization of the fertilizer N by the maize plants. This is the common temporal niche partitioning between plants and microorganisms to decrease competition for N ([@bib0110]). This hypothesis needs further testing, particularly through measurements of N partitioning between plants and microorganisms. However, [@bib0135] found that mulching decreased fertilizer N recovery by maize, and attributed it to a \"dilution effect\" of increased soil N availability due to the increased N mineralization from soil organic matter compared with that in soil without mulching. Therefore, the plant ^15^N uptake in Plastic also depends on N mineralization-immobilization and applied fertilizer N ([@bib0080]; [@bib0115]).

The 42.7% of applied ^15^N remained in the 0--120 cm soil layer for Plastic ([Table 3](#tbl0015){ref-type="table"}), which is similar with [@bib0210] and [@bib0135]. The main reason for the higher total residual soil ^15^N in Plastic compared with Open is a substantial reduction in N losses, especially the gas emission ([Table 3](#tbl0015){ref-type="table"}). Most of the residual ^15^N was as non-mineral N forms for both Open and Plastic ([@bib0155]). However, an average of 48.2% of residual total ^15^N was as mineral ^15^N in Plastic-Ridge, and the mineral ^15^N was 10--100 times larger than that for Plastic-Furrow or Open. This higher mineral N in Plastic-Ridge might be related to the following two reasons: 1) the ^15^N fertilizer was applied in the top soil layers and the plastic film prevented N leaching by rainfall ([@bib0090]); 2) the increase in mineralization of microbial-assimilated organic N (the immobilized urea-^15^N by microorganisms at early stage of maize growing season) due to the higher temperature and moisture in mulched soil at late stage of maize growing season ([@bib0065]). Although both N mineralization and N immobilization processes occur simultaneously, a lower microbial biomass ^15^N and higher mineral ^15^N in Plastic ([Fig. 4](#fig0020){ref-type="fig"}) implied that plastic film mulching might decrease the net immobilization of urea-^15^N in soil at harvest ([@bib0135]).

Three processes: ammonia volatilization, denitrification and N leaching are associated with the potential N losses in the urea-fertilized field. The N leaching was low both in Plastic and Open ([Table 3](#tbl0015){ref-type="table"}). Nitrate is likely to accumulate in soil profile and occasionally leaches during heavy storms in this area ([@bib0255]). There was only one heavy rainfall event larger than 40 mm in 2015. Hence, N leaching most likely accounted for only a small proportion of the N loss over the study period in Plastic and Open. In addition, the estimated N leaching was much lower in Plastic. Plastic film mulching reduces N leaching significantly compared to un-mulched soil (Ruidisch et al., 2013; [@bib0240]; [@bib0215]; [@bib0135]).

Plastic increased nitrous oxide (N~2~O) emission (meta-analysis of [@bib0070]), which was related to higher soil water content, nitrate concentration and soil organic carbon. However, the soil may also become a sink for N~2~O while under plastic mulch. Thus the studies on nitrous oxide under plastic film mulching are with contradictory results ([@bib0040]; [@bib0100]; [@bib0130]; [@bib0070]), due to the difficulties to measure N~2~ losses from denitrification and to determine whether N~2~ release is influenced by mulching. However, due to the low precipitation in the study area, the loss of N fertilizer via denitrification, even in Plastic mulching, are unlikely to be high.

Ammonia volatilization is a major loss pathway of applied fertilizer N in the calcareous soil of the Loess Plateau, accounting for up to 50% of the applied urea-N ([@bib0170]), as soil pH is an important factor affecting ammonia volatilization **(**[@bib0195], [@bib0200]**)**. Ammonia volatilization may be reduced with appropriate agricultural management, e.g. N fertilizer other than urea (e.g. KNO~3~) ([@bib0150]). Mulching reduced N losses as ammonia emission by 30--64% ([@bib0190]; [@bib0135]). Compared with Open, Plastic had plastic film mulched ridge (accounting for 70% of total surface), likely resulting in lower ammonia volatilization and mainly explaining the lower N losses from Plastic.

4.3. Fate and transport of applied urea-N in Plastic-Ridge and Plastic-Furrow {#sec0085}
-----------------------------------------------------------------------------

N loss from the furrow, accounting for 78.6% of the total N losses in Plastic, were probably mostly caused by higher ammonia volatilization. The uncovered furrow may have been subject to high N loss by ammonia volatilization in the calcareous soil of Loess Plateau ([@bib0170]), which would be much reduced under the plastic film mulched ridge ([@bib0190]). Furrows are more prone to N leaching compared with ridges, due to higher water input and infiltration rates caused by the surface runoff from the ridges ([@bib0120]; [@bib0095]). Although we observed higher N leaching from furrow (0.12 kg ha^−1^, compared with 0.03 kg ha^−1^ for the ridge), this value accounted for only a small part of N loss. More than 96% of the plant ^15^N uptake was derived from the Plastic-Ridge, with less than 4% from the Plastic-Furrow, implying that the ridge was the main source of fertilizer N for plant uptake and the furrow was the main source for N losses. A much higher residual soil ^15^N was found in Plastic-ridge, compared to Plastic-Furrow ([Fig. 8](#fig0040){ref-type="fig"}). Except for the lower N loss from Plastic-ridge as discussed above, the another reason is the procedure used for fertilizer application, with approximately 70% of the applied fertilizer accumulating in the ridges during their creation. Therefore, we could reduce N losses and improve N use efficiency by decreasing the fertilizer N application rate to the furrow or with more precision placement of fertilizer N to the ridge only, or by using a form of N fertilizer other than urea (Ruidisch et al., 2013; [@bib0095]).

The vertical distribution of total ^15^N and mineral ^15^N showed that N movement may be related to organic N released from root turnover and exudation in the maize root zone within the soil ([@bib0075]), microbial-derived hydrophilic dissolved organic nitrogen ([@bib0105]), and nitrate leaching. Lateral movement of N was also observed and related to water movement ([Fig. 6](#fig0030){ref-type="fig"}, [Fig. 7](#fig0035){ref-type="fig"}). The pressure head gradients at the onset of rainfall were found to deviate horizontally in a water flow simulation under Plastic, indicating a lateral flow direction from the furrow to the ridge ([@bib0180], [@bib0185]). However, the uneven soil water and heat conditions under mulching and plant water uptake may also cause a lateral flow direction from the ridge to the furrow or from the furrow to the ridge.

Mineral N in the top 0--20 cm soil decreased in both Plastic-Furrow and Open during the fallow period from October 2015 to April 2016. This is because nitrate leaching occurred at rainfall events during this period, which was confirmed by increased nitrate contents in 100--200 cm soil layer (measured before sowing in 2016, data not shown), compared to the data at harvest. However, the mineral N content increased in Plastic-Ridge during this period. This difference can be attributed to the practice of keeping the mulch after harvest. Mulching can reduce N leaching in the fallow period. Additionally, the decomposition of crop roots and rhizosphere microorganisms during the fallow period ([@bib0050]) resulted in a higher mineral N content in Plastic before sowing in 2016. Most of the fertilizer N not used by the crop in the season of application remained in the soil for potential use in the subsequent season.

4.4. Benefits of plastic film mulching {#sec0090}
--------------------------------------

The maize yields were 12.9 and 14.2 Mg ha^−1^ for Open and Plastic, showing the high productivity in this area ([@bib0210]). However, Plastic only increased yield by 9.7% due to the sufficient rainfall during maize growing season, especially the early stage ([Fig. 1](#fig0005){ref-type="fig"}). Therefore, the net economic benefit was only 8.5% higher in Plastic than Open, which was much lower than the average benefit reported elsewhere (71.1%, [@bib0140]). Plastic film mulching usually increases grain yields significantly during drought years ([@bib0085]) and thus the net economic benefit would be much more under drought conditions than that in our study.

Due to the high production, the crop uptake N was very high both in Open and Plastic. Other studies also found a higher crop uptake than N input ([@bib0130]; Haynes, 1999), showing high N use efficiency. However, the negative surplus N in soil and very high N use efficiency indicate soil mining of N ([Table 4](#tbl0020){ref-type="table"}). This may be specific to the conditions of the cropping year for 2015 and/or may be a result of high soil fertility from a history of high fertilizer N input. However, continued soil N mining is unsustainable in the long term and appropriate N application rates should be recommended based on the target grain yield to maintain a sustainable farming system. Compared to Open, the Plastic reduced N losses and consequently benefited soil N retention. If the N loss could be further reduced in Plastic through appropriate N management strategies as stated above, the system N budget could be balanced. However, the higher mineral N in Plastic-ridge after harvest may indicate a high soil mineralization under mulched soil, which should be a topic of future studies.

5. Conclusions {#sec0095}
==============

Compared with Open, Plastic significantly increased maize grain yields by 9.7% in a semi-arid area. Total N uptake and uptake of applied urea-N were both increased under Plastic mulch. Estimated losses of the applied urea N via ammonium volatilization were very high, but lower under Plastic, and residual soil N up to 1.2 m depth was greater. Lateral movement of N from furrow to ridge and from ridge to furrow occurred in Plastic, facilitated by lateral movement of soil water. In Plastic, the ridges were the main source of fertilizer N uptake by the plants (\> 96%), and the furrows were the main source of N losses (c. 79%). Briefly, Plastic increased yields and net economic benefit but changed the fate and transport of applied urea-N in maize production in semi-arid rain-fed croplands. Therefore, appropriate N management strategies should be designed for plastic mulching systems, such as minimal or zero fertilizer application to furrows or the use of N fertilizer forms other than urea (e.g. KNO~3~). This would improve N uptake and reduce gaseous N losses in the Plastic system to maintain the sustainability of agriculture in drylands.
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[^1]: These authors contributed equally to this paper.

[^2]: note: N leaching was measured as the total ^15^N in the soil layers of 1.2--2 m. N distributed in the soil depth below 1.2 m was considered as potentially leached, because there were not any roots of maize below this depth. Although nitrate may have also leached beyond 2 m, the amount was considered to be very small because of the low soil ^15^N content (close to 0) at 120--200 cm ([Fig. 4](#fig0020){ref-type="fig"}); Potential gas emissions were the calculated by ^15^N balance.

[^3]: a\) The non-symbiotic N fixation in the study area was 15 kg N ha^--1^ yr^--1^ (Ju et al., 2017); b) the N deposition in the study area was 21 kg N ha^--1^ yr^--1^ ([@bib0225]); c) the potential N losses estimate is that from the fertilizer, based on the N budget using the isotope ^15^N method.
